Abstract A wider range of Miscanthus varieties is required to develop Miscanthus clones that are suitable for bioenergy production. For this reason, breeding programs need to be initiated using knowledge regarding the genetic influence on floral biological traits. The objective of the present study was to characterize the genotypic variation in flowering and panicle architecture traits in Miscanthus by studying (i) the clone effect on these traits and (ii) the clone sensitivity to environmental conditions. The flowering traits characterized were date of panicle emergence, date of flowering onset, and interval between these two traits. The panicle architecture traits characterized were total panicle length, longest panicle raceme size, raceme number per panicle, floral density, and total flower number per panicle. Eight clones were studied in a greenhouse under four environmental conditions including two day lengths (an 8-h short day length and a natural day length) and two temperature treatments (warm and cool). Miscanthus clones showed large differences in flowering and panicle architecture traits. Moreover, day length appeared to be the most important environmental factor creating differential clone sensitivities for the panicle emergence and the onset of flowering in contrast to temperature factor for the total flower number per panicle. In addition, the behavior of the clone Sacc was in contrast with that of the other clones for most of the traits studied. This knowledge will be useful to optimize the synchronization of flowering between Miscanthus clones for more successful breeding programs.
Abstract A wider range of Miscanthus varieties is required to develop Miscanthus clones that are suitable for bioenergy production. For this reason, breeding programs need to be initiated using knowledge regarding the genetic influence on floral biological traits. The objective of the present study was to characterize the genotypic variation in flowering and panicle architecture traits in Miscanthus by studying (i) the clone effect on these traits and (ii) the clone sensitivity to environmental conditions. The flowering traits characterized were date of panicle emergence, date of flowering onset, and interval between these two traits. The panicle architecture traits characterized were total panicle length, longest panicle raceme size, raceme number per panicle, floral density, and total flower number per panicle. Eight clones were studied in a greenhouse under four environmental conditions including two day lengths (an 8-h short day length and a natural day length) and two temperature treatments (warm and cool). Miscanthus clones showed large differences in flowering and panicle architecture traits. Moreover, day length appeared to be the most important environmental factor creating differential clone sensitivities for the panicle emergence and the onset of flowering in contrast to temperature factor for the total flower number per panicle. In addition, the behavior of the clone Sacc was in contrast with that of the other clones for most of the traits studied. This knowledge will be useful to optimize the synchronization of flowering between Miscanthus clones for more successful breeding programs. Climate change, declining supplies of fossil fuels, and the development of renewable energy sources are major concerns worldwide. Plant biomass can be used to produce renewable energy, and the biomass from the C4 perennial rhizomatous grass Miscanthus appears to be a good candidate for bioenergy production [1] due to its high productivity [2] and favorable energy balance [3] . New Miscanthus varieties are therefore needed to promote the current increase in cultivated areas.
Keywords
The Miscanthus genus sensu stricto contains approximately 11 to 12 species [4] originating from a broad geographical area, including tropical and subtropical regions [5] . Miscanthus belongs to the tribe of Andropogoneae and the subtribe of Saccharineae. Miscanthus is related to maize and sorghum, which belong to the tribe of Andropogoneae, and is closely related to sugarcane, which also belongs to the subtribe of Saccharineae. Many studies have investigated the importance of flowering time management for breeding programs, particularly in sugarcane [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In particular, Gosnell [18] and Berding et al. [10] [11] [12] [13] showed that genotype variability in panicle number and flowering stem (stalk) number in sugarcane could be useful for the synchronization of flowering, which could increase the success rate for crossings in breeding programs.
Differences have also been observed in flowering time in the Miscanthus genus [4, [19] [20] [21] [22] [23] . Clifton-Brown et al. [4, 20] , Jensen et al. [21, 22] , and Gauder et al. [23] measured differences in the flowering time between and within Miscanthus sinensis, Miscanthus sacchariflorus, and interspecific hybrids of Miscanthus. This suggested a genetic variability for this trait in the Miscanthus genus. In addition to flowering time management, panicle architecture can also be investigated for the breeding of Miscanthus. However, the relationship between genetic variability and these two traits has never been extensively investigated.
Environmental effects on the management of flowering and panicle architecture traits have to be considered. In sugarcane, Nuss [24] showed that day-length treatments could be used to synchronize crossings between early-and late-flowering sugarcane varieties, which have no naturally synchronous flowering times. Moreover, Machado et al. [25] , Berding et al. [9] [10] [11] 13] , and Rizk et al. [26] showed significant interactions between genotype and environment in sugarcane. In Miscanthus, only a few publications have reported such environmental effects; Jensen et al. [21, 22] demonstrated an environmental effect on Miscanthus flowering time and determined that flowering induction in Miscanthus sacchariflorus was a short-day response. However, no study on Miscanthus reported the effect of the genotype × environment interaction on flowering and panicle architecture traits although many authors studied this effect on biomass traits (see for instance Clifton-Brown et al. [20] and Jezowski et al. [27] ).
As breeding programs require knowledge of the genetic variability related to the traits of interest [28] , the genetic variations of Miscanthus need to be precisely characterized. Therefore, clonal variability on the flowering and panicle architecture traits must be further studied to enable the synchronization of flowering and increase the crossing success in Miscanthus breeding. The aim of the present study was to characterize the clonal effect, corresponding to the variability among Miscanthus clones, in flowering and panicle architecture. We tested two hypotheses. Firstly, we predicted that there would be a clonal variability in the flowering and panicle traits as the Miscanthus genus comprises several species. We also predicted that the sensitivity of the clones to the environmental conditions was different as the Miscanthus species originated from a broad geographical area.
We firstly explored the flowering and panicle architecture variability among eight clones, seven clones belonging to the M. sinensis species and one clone belonging to the M. sacchariflorus species. Secondly, we focused on the sensitivity of these clones to environmental conditions by subjecting the eight clones to four environmental conditions, which combined two day-length treatments and two temperature treatments.
The observed clonal variability in Miscanthus flowering and panicle architecture traits and the environmental sensitivities of the clones will increase the knowledge regarding flowering and panicle architecture traits, which could be useful to optimize the synchronization of flowering between Miscanthus clones for more successful crossings.
Materials and Methods
The clone and the environmental effects on flowering and panicle architecture traits were tested in greenhouses during two successive years, 2007 and 2008. In 2007, the rhizomes were planted on the 10th of April. In 2008, the rhizomes were planted in the same greenhouse on the 12th of March.
Plant Material
Eight Miscanthus clones were used in this study that came from two European nurseries (one in France and one in Belgium). Seven belonged to the M. sinensis species: M. sinensis August Feder (Aug), M. sinensis Ferner Osten (Fern), M. sinensis Flamingo (Flam), M. sinensis Goliath (Gol), M. sinensis Malepartus (Male), M. sinensis Rotsilber (Rot), and M. sinensis Yaku Jima (Yaku); and one belonged to the M. sacchariflorus species: M. sacchariflorus (Sacc) ( Table 1 ). The biomass yield of this selection of clones was provided in Zub et al. [29] . In field conditions, without any inputs, the biomass yields of these clones varied from 1.4 t to 15.6 t/ha at winter harvest during the third year of the crop.
For each clone, 20 rhizomes were prepared as replicates for crop establishment. Each rhizome was approximately 5-cm long and had at least three visible buds to ensure a satisfactory emergence rate [30] . The rhizomes were planted at approximately a 10-cm depth in 5-liter plastic pots containing universal potting compost and were maintained in a greenhouse. In 2008, the twenty rhizomes were prepared from those of the plants at the end of the first experiment, performed in 2007, and were divided in an identical manner as for the first experiment.
Environmental Conditions
The measure of the environmental sensitivity of each clone was investigated through the test of each clone in four environmental conditions which combined two day-length treatments (a natural day length and a short day length) and two temperatures (warm and cool):
-Environmental condition 1: short day length (SD) and cool temperature (C); -Environmental condition 2: short day length (SD) and warm temperature (W); -Environmental condition 3: natural day length (ND) and cool temperature (C); -Environmental condition 4: natural day length (ND) and warm temperature (W).
Due to space constraints imposed by the size of the greenhouse, environmental conditions 1 and 3 were performed in 2008 while environmental conditions 2 and 4 were performed in 2007. Details on all environmental conditions are shown in Table 2 . Additionally, evolution of natural day length during 2007 and 2008 was detailed in Fig. 1 .
For each environmental condition, day length treatments (a natural day length and a short day length) were applied just after the plants sent out their flag leaf, which was the first observable indication that floral transition had occurred [22] . The date of flag leaf emergence was defined as the day when the collar of the flag leaf became visible. As flag leaf emergence varied according to Miscanthus clones [22] , the plants of each clone studied were placed under day length treatments as a function of the date of their flag leaf emergence. An automatic roller blind was used for 5 h each day before dusk to generate the 8-h short-day treatment.
For all of the four environmental conditions tested, the plants were grown under ambient light conditions and irrigated when required to maintain water stress-free conditions. A cooling system maintained the relative air humidity at 50±15 %. Air temperature and relative air humidity were monitored using sensors (Pt100 Class A Temperature Sensor and Resistive Humidity Sensor, respectively, ARIA, France) placed in a ventilation shelter 1.4 m above the ground.
For each environmental condition, the clones were grown according to a complete randomized design and 10 plants per clone were used as replicates. Several flowering and panicle architecture measurements were made ( Table 1) . As some variables were not easy to monitor, we observed them only on a selection of the eight clones. Traits related to flowering were observed on four clones (Flam, Male, Sacc, and Yaku). In contrast, the observation of traits related to panicle architecture could be observed on more clones (Aug, Fern, Flam, Gol, Male, Sacc, and Rot) as this observation was not dynamic. Three flowering variables were observed on the first stem which exhibited a panicle on each plant:
& The date of panicle emergence (PE), which was defined as the date the panicle was visible one centimeter above the top of the stem; & The date of onset of flowering (OF), which was defined as the date the first stamen became visible; and & The interval between the PE and the OF.
These three flowering variables were expressed in degree days (dd), using the same base temperature of 10°C as Jensen et al. [22] .
Five variables related to panicle architecture were observed on two panicles per pot on average: ANOVA was performed to investigate the effects of clones, and clone × environmental conditions interactions on all of the observed variables. The following model was used (type III sum of squares):
where μ is the general mean of a given variable Y for environmental condition i, clone j, and replicate k; α i is the main effect of the environmental condition; β j is the main effect of the clone; αβ ij is the interaction between the environmental condition and the clone; and ε ijk corresponds to the residual error of the model. All terms were considered to be fixed effects. Due to missing values, a type III sum of squares was used to analyze the treatment effects on the flowering and panicle architecture traits. The least-squares means (LSMEANS), corresponding to adjusted means for unbalanced designs, were calculated. Bonferroni t tests of differences between the LSMEANS for clone effect and interaction effect were performed (adapted to unbalanced designs). The interpretation was focused on the effect of the clone and the interaction between the environmental condition and the clone effect: the environmental condition effect was not interpreted as there was no replication for each environmental condition tested.
Three t tests were performed on all of the observed variables with the SAS Software System [31] using the T TEST procedure. These t tests were performed for each clone studied separately to identify which of the two environmental factors (temperature or day length) was responsible for the 
Results
The coefficients of variation for the flowering and panicle architecture traits observed during this study were high, with the exceptions of the date of panicle emergence and the date of flowering onset, which showed lower coefficients of variation ( Table 3 ). The ANOVA explained from 46 to 85 % of the overall variation observed. Despite this low precision and the share of variability explained by the model, significant effects were detected by the ANOVA.
The Variability in Flowering and Panicle Architecture Traits is Mainly Due to the Clone
The main effect of clone was significant for all flowering and panicle architecture traits. This clone effect was also higher than the effect of clone × environmental condition interaction: the F values for clone were always at least three times greater than the F values for clone × environmental condition interaction (Table 3) . Among the clones studied, differences of 267 dd (18 % of the mean) and 257 dd (16 % of the mean) were recorded for panicle emergence and the onset of flowering, respectively. Sacc was the earliest flowering clone, with values of 1354 dd and 1425 dd for panicle emergence and the onset of flowering, respectively. Yaku was the latest flowering clone, with 1621 dd and 1682 dd recorded for panicle emergence and the onset of flowering, respectively. For these two traits, Flam and Male appeared to be in a middle position (Fig. 2) .
For the interval between the PE and the OF, a difference of 31 dd (63 % of the mean) was recorded among the clones studied. Male and Sacc presented the lowest intervals, with values of 36 and 41 dd, respectively. The greatest interval was recorded for Yaku, with a value of 67 dd. Flam appeared to be in a middle position for this trait (Fig. 2) .
For total panicle length, a variability of 220 cm (89 % of the mean) was observed. Male and Gol presented the highest lengths, with measurements of 384 and 348 cm, respectively. The smallest total panicle lengths were recorded for Fern, Flam, and Aug, with measurements of 178, 167, and 164 cm, respectively. Rot and Sacc appeared in a middle position for this trait (Fig. 3) .
For the size of the longest raceme, a variability of 9 cm (36 % of the mean) was recorded. Gol presented the largest size, with a measurement of 29 cm. Regarding the longest raceme, the smallest size was recorded for Fern, with a measurement of 20 cm. Male, Sacc, Flam, Rot, and Aug appeared to be in a middle position for this trait (Fig. 3) .
A variability of 15 racemes (94 % of the mean) was observed for the raceme number per panicle; Male presented the highest number, with 24 racemes. With 9 and 11 racemes, respectively, Flam and Aug had the lowest numbers of racemes. Gol, Rot, Fern, and Sacc appeared to be in a middle position for this trait (Fig. 3) .
Rot had the highest floral density, with 5.4 flowers/cm. Flam and Sacc presented the lowest densities, with 4.2 and 3.7 flowers/cm, respectively. The other clones appeared to be in a middle position for this trait (Fig. 3) .
Finally, for the total flower number per panicle, a variability of 903 flowers (83 % of the mean) was observed among the clones studied. The clones Male, Rot, and Gol appeared to be the highest producers, with 1,619, 1,417 and 1,414 flowers per panicle, respectively. Fern, Sacc, Aug, and Flam appeared to be the lowest producers, with 891, 833, 771 and 716 flowers per panicle, respectively (Fig. 3) .
The Clones Showed Different Sensitivities to Environmental Conditions for Flowering and Panicle Architecture Traits
The clone × environmental condition interaction had a significant effect on all traits, except for the interval between the PE and the OF (Table 3) .
For the panicle emergence and the onset of flowering, significant differences between the two temperatures, cool and warm, were detected for the clones Flam and Yaku (Table 4a) . For these clones, the panicle emergence and the onset of flowering appeared to be delayed in warm condition when compared to cool condition (Table 4a ). Significant differences between the two day lengths, short day length and natural day length, were observed for all the four clones tested: Flam, Male, Sacc, and Yaku (Table 4b) . For these clones, the panicle emergence and the onset of flowering appeared to be delayed in natural day length condition when compared with short day length condition (Table 4b ). The LSMEAN differences for the panicle emergence and the onset of flowering tended to be greater for day length factor (Table 4b ) than for temperature factor (Table 4a) . Moreover, for these two traits, day length factor seemed to affect more clones than temperature factor (Table 4a, b). It suggested that the day length factor was the most important environmental factor creating differential clone sensitivities for these two traits. Moreover, for the panicle emergence, the interaction between day length and temperature was significant for the clones Sacc and Yaku. For the onset of flowering, this interaction was significant only for the clone Yaku (Table 4c) .
For the total panicle length, there were significant differences between the two temperature conditions, cool and warm, for all the clones tested except for Fern (Table 4a ). The total panicle length appeared to decrease for the clone Sacc in warm condition when compared to cool condition, in contrast to the other clones for which a significant difference was highlighted (Table 4a ). Significant differences between the two day lengths, short day length and natural day length, were also detected for the total panicle length but only for three clones: Fern, Male, and Rot (Table 4b ). For these three clones, the total panicle length appeared to increase in natural day length when compared with short day length (Table 4b ). The LSMEAN differences for the total panicle length seemed to be similar between temperature factor (Table 4a ) and day length factor (Table 4b ). It suggested that day length and temperature factors had similar effects on the differential clone sensitivity regarding the total panicle length. Nevertheless, temperature factor seemed to affect more clones than day length factor (Table 4a , b). The interaction between day length and temperature was significant for the clones Rot and Sacc (Table 4c) .
For the longest panicle raceme size, significant differences were observed between the two temperature conditions for all the clones studied except for the clone Sacc (Table 4a ). The size of the longest panicle raceme tended to increase in warm condition when compared to cool condition on the clones for which a significant difference was highlighted (Table 4a ). Significant differences were also detected between the two Interval between PE and OF corresponded to interval between panicle emergence and onset of flowering CV coefficient of variation, dd degree days, df degree of freedom, Env. cond. environmental condition, F F value, ns non significant at the 0.05 probability level *Significant at the 0.05 probability level Fig. 2 Flowering traits as a function of Miscanthus clone. Values for each clone corresponded to LSMEANS across the four environmental conditions. Uppercase letters corresponded to significantly different groups determined using Bonferroni t tests (P ≤0.05); errors bars corresponded to standard errors. dd degree days, OF onset of flowering, PE panicle emergence day lengths for all the clones studied except for Flam and Sacc (Table 4b ). The longest panicle raceme size appeared to increase in natural day length when compared with short day length on the clones for which a significant difference was highlighted (Table 4b ). The LSMEAN differences for the longest panicle raceme size seemed to be similar between temperature factor (Table 4a ) and day length factor (Table 4b ). It suggested that these two environmental factors had similar effects on the clone sensitivity for the longest panicle raceme size. The interaction between day length and temperature was significant for the clones Fern, Male, Rot, and Sacc (Table 4c) .
For the raceme number per panicle, there were significant differences between the two temperature conditions for the clones Flam, Rot, and Sacc (Table 4a) . Surprisingly, the raceme number appeared to decrease for the clone Sacc in warm condition when compared to cool condition, in contrast to the clones Flam and Rot (Table 4a ). There were also significant differences between the two day lengths for the clones Fern, Male, and Rot (Table 4b ). The raceme number appeared to increase in natural day length when compared with short day length on the clones for which a significant difference was highlighted (Table 4b ). The LSMEAN difference for the raceme number per panicle tended to be greater for day length factor (Table 4b ) than for temperature factor (Table 4a ). It suggested that day length factor was the most important environmental factor creating differential clone sensitivities for the raceme number per panicle. In addition, both day length and temperature factors affected fewer clones for the raceme number per panicle than for the other variables. The interaction between day length and temperature was significant on this trait for the clone Rot (Table 4c) .
For the floral density per panicle, significant differences between the two temperatures, cool and warm, were observed for the clones Aug and Fern (Table 4a ). The floral density appeared to increase for the clone Fern in warm condition when compared to cool condition, in contrast to the clone Aug (Table 4a ). Significant differences between the two day lengths, short day length and natural day length, were also observed for all the clones studied except for Male and Rot (Table 4b) . Surprisingly, the floral density of Sacc appeared to increase in natural day length when compared to short day length, contrary to the other clones for which a significant difference was highlighted (Table 4b ). The LSMEAN differences for the floral density per panicle seemed to be similar in absolute value between temperature factor (Table 4a ) and day length factor (Table 4b ). It suggested that these two environmental factors had similar effects on the differential clone Values for each clone corresponded to LSMEANS across the four environmental conditions. Uppercase letters corresponded to significantly different groups determined using Bonferroni t tests (P ≤0.05); errors bars corresponded to standard errors Table 4 Differential environmental sensitivities of the eight Miscanthus clones given in the LSMEAN differences between (a) the two temperatures tested (cool vs. warm), (b) the two day lengths tested (short day length vs. natural day length), and (c) for the interaction between temperature and day length for each variable and for each clone separately Differences were not reported for the interval between panicle emergence and onset of flowering as the clone × environmental condition interaction was not significant on this trait (see Table 3 ). Details about each of the four environmental conditions tested (1, 2, 3, and 4) were given in Table 2 dd degree days, Env. cond. environmental conditions, LSMEAN least-squares mean, ND natural day length, SD short day length, ns non significant at the 0.05 probability level *Significant at the 0.05 probability level sensitivity regarding the floral density. Nevertheless, day length factor seemed to affect more clones than temperature factor (Table 4a , b). The interaction between day length and temperature was significant on this trait for the clones Flam and Sacc (Table 4c) . For the total flower number per panicle, significant differences between the two temperature conditions were observed for all the clones tested except for the clones Fern and Sacc (Table 4a ). The total flower number seemed to increase in warm condition when compared with the cool condition on the clones for which a significant difference was highlighted (Table 4a ). Significant differences were also highlighted between the two day lengths, short day length and natural day length, for the clones Fern, Male, and Rot (Table 4b ). The total number of flowers per panicle tended to increase in natural day length when compared to short day length on the clones for which a significant difference was highlighted (Table 4b) . For this trait, the LSMEAN difference seemed to be greater for temperature factor (Table 4a ) than for day length factor (Table 4b) . Moreover, temperature factor seemed to affect more clones than day length factor (Table 4a, b). It suggested that temperature was the most important environmental factor creating differential clone sensitivities for the total flower number per panicle. The interaction between day length and temperature was significant for the clones Male, Rot, and Sacc (Table 4c) .
In summary, this study highlighted a broad variability in the flowering and panicle architecture traits of the eight Miscanthus clones. In addition to the clone influence, the eight clones studied were sensitive to environmental conditions for the flowering and panicle architecture traits except for the interval between the PE and the OF. Comparing the day length and temperature factors, the day length appeared to be the most important environmental factor creating differential clone sensitivities for the panicle emergence and the onset of flowering. In contrast, the temperature seemed to be the most important environmental factor creating differential clone sensitivities for the total flower number per panicle. Moreover, for several of the panicle architecture traits, the behavior of the clone Sacc was in contrast with that of the other clones.
Discussion
The variability in flowering and panicle architecture traits in Miscanthus must be characterized to provide guidelines to breeders (synchronization of flowering, panicle architecture, number of flowers, etc.).
Below, we first discuss two points directly related to our hypotheses:
& the genotypic variability in traits related to flowering and panicle architecture; and & the sensitivity of different genotypes to environmental conditions and, more particularly, to day length and temperature variations.
In addition, our study also assumes that the environmental conditions may influence flowering and panicle architecture traits. We therefore finally discuss the third following point:
& the influence of the environmental conditions on flowering and panicle traits.
As only a few studies have focused on the floral phenology of Miscanthus, we have broadened the discussion to crops that are taxonomically related to Miscanthus, more particularly to sorghum, maize, and sugarcane.
Genotypic Variability in Traits Related to Flowering and Panicle Architecture
Our prediction that there would be clonal variability in traits related to flowering and panicle architecture is supported in the studies discussed below.
Jensen et al. [21, 22] observed variability in the date of panicle emergence and in the flowering time among 244 genotypes of M. sinensis, M. sacchariflorus, and interspecific hybrids. Clifton-Brown et al. [4] studied 248 Miscanthus genotypes and concluded that there was a considerable genotypic variability in the Miscanthus flowering time. The significant differences in flowering time highlighted in our study among only four clones reinforced the conclusion of CliftonBrown et al. [4] . The variability among Miscanthus clones observed during our study in the date of panicle emergence, the date of flowering onset, and the interval between the panicle emergence and the onset of flowering reinforced the existence of considerable genotype variability.
No study in Miscanthus reported traits related to panicle architecture. However, a genotypic variability in some of these traits has been observed in crops closely related to Miscanthus. Cisneros-Lopez et al. [32] reported that, in sorghum, the rachis length of the panicle, which corresponds to the size of the longest raceme measured in our study, varied significantly, from 20 to 26 cm, as a function of the Sorghum lines considered. The genotypic variability observed for the rachis length in sorghum is similar to the differences highlighted among the Miscanthus clones we studied. In terms of raceme number, Cisneros-Lopez et al. [32] and Upadyayula et al. [33] showed that the primary branch number per panicle is different among Sorghum lines. The authors also showed that this trait is different among maize parents. Upadyayula et al. [33] also mentioned significant differences between two maize parents in two traits similar to the floral density: the number of spikelet pairs on the top 4 cm of the central spike and the number of spikelet pairs on the top 6 cm of the lowermost primary branch. Cisneros-Lopez et al. [32] highlighted a genotypic effect on the number of fertile flowers per panicle, which is a trait similar to the flower number per panicle observed during our study.
The observations cited above are in agreement with our results showing that flowering and panicle architecture traits vary with Miscanthus clones. Therefore, this clonal variability should be useful for developing efficient breeding programs in Miscanthus.
The Sensitivity of Different Genotypes to Environmental Conditions and More Particularly to Day Length and Temperature Variations
We suggested that the sensitivity of genotypes to environmental conditions, such as day length and temperature variations, could be different for flowering and panicle architecture traits. Our suggestion is supported in the following studies.
Some studies showed an interaction between the genotype and the day length for traits related to flowering; Machado et al. [25] , Berding et al. [10, 11, 13] , and Rizk et al. [26] demonstrated that sugarcane varieties varied considerably in terms of their flowering response to photoperiod variations. These findings reinforce our results showing that the differential sensitivity of Miscanthus clones to environmental conditions was mostly due to day length when compared with temperature for flowering traits.
Some studies mentioned different genotype sensitivities towards temperature variations for flowering and panicle architecture traits. In sugarcane, Berding [9] showed an interaction between sugarcane varieties and temperature for flowering time. This observation is in agreement with our results showing that some Miscanthus clones were sensitive to temperature variation for the onset of flowering. In sorghum, Cisneros-Lopez et al. [32] stated that the year × genotype interaction was not significant for the panicle rachis length or the total number of flowers per panicle. As the authors associated the year effect with a temperature effect, this result suggested that the temperature × genotype interaction was not significant for these two traits in sorghum. These findings are in disagreement with our results; we found that some Miscanthus clones were sensitive to temperature variations for the raceme number per panicle and the total flower number per panicle suggesting a significant temperature x genotype interaction for these two traits. We also showed that the differential clone sensitivity regarding the total number of flowers per panicle was mostly due to the temperature factor.
Finally, the results cited above demonstrate that the behavior of genotypes in response to environmental variations, such as day length and temperature variations varies with the species with regards to flowering and panicle architecture traits. These observations are consistent with our results showing differential Miscanthus clone sensitivities for flowering and panicle architecture traits according to day length and temperature conditions.
Variations in Flowering and Panicle Architecture as a Function of Environmental Condition Mainly Explained by Day Length and Temperature
Our suggestion that flowering and panicle architecture traits can be influenced by environmental conditions such as day length and temperature is supported in the following studies.
In sugarcane, Nuss [8] showed that the time of anthesis is affected by the rate of decline in day length. Moore et al. [7] also showed that the first inflorescence emerged 1 week later for treated plants (light treatment) than for untreated control plants (a short day length) in Hawaii. In Brasil, Machado et al. [25] found that the onset of flowering varied as a function of the lighting treatment. In Miscanthus sacchariflorus , flowering under static long days was delayed by an average of 61 days compared to shorter photoperiods [22] . Furthermore, Jensen et al. [22] showed that the flowering induction of Miscanthus sacchariflorus demonstrated a quantitative response to day length. These observations were consistent with our hypothesis that flowering traits were influenced by environmental conditions in Miscanthus, and more particularly by day length and temperature.
Previous studies also mention a significant temperature effect on flowering and panicle architecture traits. One study by Jensen et al. [21] reported a year effect on the flowering time of Miscanthus species observed in a UK field trial, suggesting an effect of climatic conditions, such as temperature and rainfall, on flowering time. Nuss [8] and Berding [9] observed that the flowering time was significantly earlier during higher night temperatures than during lower night temperatures in several sugarcane varieties. Cisneros-Lopez et al. [32] mentioned an effect of the temperature when studying a year effect on the rachis length of the panicle, a trait corresponding to the size of the longest raceme measured during our study, and on the total number of flowers per panicle in several Sorghum lines.
These observations confirm that variability in flowering and panicle architecture traits can be explained by environmental conditions, such as day length and temperature, and this is consistent with our prediction.
Conclusion
The findings of the present study demonstrate the genotype variability in Miscanthus flowering and panicle architecture. Of the eight clones observed, Sacc appeared to have the earliest panicle emergence and flowering time when compared with Yaku, which had the latest. Male appeared to have the longest total panicle length, the highest raceme number per panicle, and the highest total flower number per panicle. The present study revealed that the eight Miscanthus clones studied displayed different sensitivities to environmental conditions and more particularly to day length and temperature variations. The behavior of Sacc was in contrast with that of the other clones. This difference was expected as the clone Sacc belongs to a different Miscanthus species. The knowledge on these different clone sensitivities toward environmental conditions is useful for optimizing the crossings between parents.
As the two Miscanthus species studied here displayed different sensitivities to environmental conditions regarding the flowering and panicle architecture traits, more investigation on more species is still needed on this topic to monitor the environmental conditions required to maximize the number of successful crossings for the development of efficient breeding programs in Miscanthus.
